Abstract: Nicotinamide containing cofactors are ubiquitous in biological systems. As a result, when studying nicotinamide dependent systems in vitro or in vivo, isotopically labeled nicotinamide cofactors are often used to reveal the mechanism of the biological system of interest. The reduced form of these cofactors is labile and is sensitive to light, oxygen, pH, temperature and other factors. Consequently, their synthesis, purification, analysis, and preservation have been an ongoing challenge. Due to these stability issues, studies using nicotinamide cofactors, especially those utilizing the reduced forms, have been relegated to repetitive cycles of synthesizing the needed material just prior to experimental use. Such practice is not practical in studies utilizing complex isotopic labeling patterns. Many of the efforts that have been reported for synthesis, separation and long-term preservation of the various nicotinamide cofactors, led to procedures that are no longer practical or cost effective while others present the best solutions available today. Some of these efforts are presented and compared in this mini-review. Herein we describe our analytical and synthetic methodologies for the synthesis, separation, purification, analysis and long term preservation of labile nicotinamide cofactors, which achieve excellent versatility, yields, purity, HPLC resolution, and long term stability.
INTRODUCTION
Studies of biological systems vary greatly from in vitro studies of bioactive proteins to in vivo tracing of metabolic products using various imaging techniques. Such studies can yield a wealth of information ranging from revealing the chemical mechanism of an enzymatic reaction to disease prognosis in many living systems. The data from such experimentation are limited only by the tools available to researchers. Ideally, it is cost effective and most productive when one probe can be used for many tasks, and as demonstrated below, isotopic labeling of a ubiquitous cofactor can constitute such a probe. Nicotinamide containing cofactors are ubiquitous in biological systems, where their redox power is utilized by a multitude of biological catalysts. These biological catalysts, or enzymes, are imperative for the proper functioning of several metabolic pathways, such as glycolosis, Krebs Cycle and the electron transport chain as well as many "housekeeping" enzymes such as cytochrome P450's. These systems are very extensive and thus examined by many researchers. Since nicotinamide cofactors are so ubiquitous it is advantageous to use these cofactors as a probe and develop a particular method, such as a specific labeling pattern, to do so. Some commonly used instrumental techniques to study nicotinamide dependent systems include NMR (or MRI), various spectrophotometric techniques (e.g., UV-VIS or IR), and radioactivity counting (e.g., LSC: liquid scintillation counting). A great deal of these techniques involves some type of molecular labeling, such as the insertion *Address correspondence to this author at the Department of Chemistry, University of Iowa, Iowa City, IA 52242, USA; Tel: 319-335-0234; Fax: 319-335-1270; E-mail: amnon-kohen@uiowa.edu of a fluorescent tag or isotopic labeling. To study a variety of these systems it is prudent to pick a ubiquitous molecule that will enable studies of a wide spectrum of bio-systems. Ubiquitous biomolecules such as the nicotinamide containing cofactors offer the flexibility of being a single probe capable for the studies of many systems. While the importance of utilizing these cofactors for expansive and wide-ranging studies is evident, stabilizing synthesized cofactors for long term storage has posed a far greater challenge and has prevented extensive use of nicotinamide cofactors as probes. Many methods have been described for isotopically labeled nicotinamide cofactor synthesis, ranging from extraction from mice used as a vector for synthesis to traditional multi-step organic synthesis to the employment of enzymes for stereospecific labeling. Often, barring the sacrificed mice, synthesizing the labeled reduced cofactor was facile and even trivial, compared to its long-term preservation. Such difficulties in NADH (nicotinamide adenine dinucleotide, reduced form) or NADPH (nicotinamide adenine dinucleotide phosphate, reduced form) preservation [1] [2] [3] dissuaded many researchers from working with labeled reduced cofactors. If researchers were persistent, it became necessary to perform inconvenient syntheses of labeled reduced cofactor prior to use in bioassays.
In addition to the preservation challenge that reduced cofactors pose, other conditions such as pH, ionic strength and the nature of the buffering molecule also affect stability of the nicotinamide cofactors. Since these cofactors are negligibly soluble in organic solvents, it is necessary to perform even microscale preparations in buffers, limiting synthetic strategies to those compatible in aqueous environments. While nicotinamide cofactors are known to be stabilized by higher ionic strength [4] , it has been shown that above 100 mM certain buffers, such as acetate or phosphate can cause the decomposition of reduced cofactors [2, [5] [6] [7] [8] , posing additional limits for synthetic and preservation techniques.
Synthetic methods are further challenged by pH requirements of oxidized versus reduced cofactors. It has been well established that oxidized cofactors are most stable at lower pH (e.g. 5.5-6.0) and reduced cofactors at higher pH (e.g. 9.0-9.2) [5, [7] [8] [9] [10] . Therefore, the pH of a system for the reduction of NADP + to yield NADPH, for example, needs to be established such that stability of the starting material and product are optimized. It is also necessary to consider such pH requirements for long-term preservation of these cofactors, a consideration put to practice in our stabilization efforts [11] .
In conjunction with synthetic methodology, purification and separation of reaction mixtures is necessary. All synthetic methodology described here involved starting with the oxidized cofactor and ultimately reducing it via various methods. Therefore, adequate separation among these relatively large cofactors, which differ only by their oxidation state (cf., by one hydride), as well as other reagents or starting materials, was necessary. To the best of our knowledge, the best separation uncovered in literature (before 2003) was 4 minutes between NADP + and NADPH via reverse phase HPLC [12] using conditions which have been shown to compromise NADPH stability [8] . For purification and ultimately long-term preservation, these conditions and this resolution would not be sufficient.
Commonly, isotopic labeling of molecules involves low quantities of material and requires micro-synthetic and micro-work up procedures. Therefore, analytical HPLC methods are advantageous in determining purity of small quantities of synthesized material. For the radio-isotopic labeling methods described below, it was necessary to achieve superior resolution in order to allow the radioactivity signal to return to background counts between peaks. This is especially true for tritium for which the β radiation is below 18.6 keV and thus chemiluminescence can cause significant tailing of chromatographic peaks. To the best of our knowledge, four minute peak-to-peak resolution between oxidized and reduced nicotinamide cofactors is the best reported to date (as described below).
Multiple routes to labeled nicotinamide nucleotides have been suggested in literature. Ideally, a chosen synthetic method should be high yielding as well as cost and time efficient. Analytical separation required at least 5 minutes resolution between radioactive peaks to allow radioactivity to return to background. Semi-preparative purification would be the last purification step prior to long-term preservation and therefore it was necessary to eliminate acetate or phosphate buffers and maintain high pH and ionic strength for optimal NADPH stability. The preservation efforts presented below focus on 2'-phosphorylated nicotinamides (NADP + /H). Since it is suggested in literature that phosphorylated nicotinamides are more labile than nonphosphorylated [8] , methodology established for long term preservation of NADP + and NADPH is likely to be more than adequate for NAD + and NADH, if bioassays using NAD + /H dependent pathways were studied. Furthermore, although the long-term stability of the oxidized cofactors seem somewhat trivial compared to that of the reduced, the procedures described below could easily be modified in terms of pH to achieve stability of the oxidized cofactors.
The following sections present a variety of synthetic, purification, preservation, and analytical procedures that afford good yield and excellent long term stability for diverse patterns of isotopic labeling for reduce nicotinamides and indicates current and potential applications for such isotopically labeled cofactors.
SYNTHETIC METHODS
The reactive position in nicotinamide cofactors is their C4 hydrogens on the nicotinamide ring. Isotopic labeling commonly targets these hydrogens to enable detection of isotopic product or examination of kinetic and equilibrium isotope effects. Additionally, labeling at remote positions (e.g., the adenine group) is done if tracing the backbone of the cofactor is of interest. This section presents chemical and enzymatic procedures for the synthesis of both C4 and adenine labeled NADPH cofactors.
Chemical Reduction
The bioactive form of reduced nicotinamides (NADH or NADPH) is reduced in the C-4 position of the nicotinamide ring. Borohydride reduction of oxidized nicotinamide cofactors (NAD + or NADP + , respectively) has precedent in literature, mainly during the 1960's [13] [14] [15] [16] . However, it has been determined that borohydride reduction is vigorous enough to also reduce the C-2 and C-6 positions in near equal yield [13] [14] [15] 17] , resulting in significant amounts of enzymatically inactive cofactor. To achieve selectivity among the many functional groups of NADPH, as well as positions on the nicotinamide ring, the use of a more selective reductant, NaCNBH 3 , has been suggested in literature [18, 19] 3 ) with a specific radioactivity between 5-10 Ci/mmol (185-370 GBq/mmol) was from American Radiolabeled Chemicals (ARC). NADP + was from Sigma and all buffers, salts and solvents were reagent or HPLC grade and were from Fisher or Sigma. The cyanoborohydride came crystallized from THF. Just prior to use, the solid was dissolved in 0.5mL of MeOH treated with KOH pellets. 100 µL of this solution was dried over argon gas in a 1 mL centrifuge vial and remaining reagent was stored at -20 ºC. NADP + (5mg, 6.5 µmol) was dissolved in 200 µL of 0.5 M Tris-HCl buffer pH 8.5 and was added to the dried reductant. Co-factor solubility became an issue if the reagent was not dried. Reaction progress was followed by HPLC/Flo-Liquid Scintillation Counting (FLSC) as described below, and was allowed to proceed for up to 5 hours. Longer reaction times revealed a decrease in NADPH peak area as determined by FLSC. After completion of the reaction, the pH was increased to 9.2 to stabilize the NADPH and then put on ice prior to purification.
Results and Discussion
This synthetic procedure resulted in only 40 % of the total radioactivity incorporated into the C4 reduced NADPH. Since some of the side products did not differ much from the NADPH product (see below), the work-up that yielded a pure product resulted in 12.5 % yield. Consequently, the final yield was very poor (5 %). This is due to two types of side reactions. First, the chemical reduction of the nicotinamide ring occurred not only at the C4 but also at C2 and C6 positions. This led to [2- 3 H]-and [6-3 H]-NADPH, which are very difficult to separate from the desired product ( [4- 3 H]-NADPH). Second, a variety of other side products suggested that the balance between reactivity of the cyanoborohydride and its selectivity was far from ideal, despite screening of a wide variety of reaction conditions. As a result of these two factors, as many as 8 purification steps were necessary to yield a single, pure [ 3 H]-NADPH product. Initially, the mobile phase of the purification method used for this reaction was established at a pH of 8.2. This was done to help stabilize the pH sensitive NADPH material during purification. However, it was noted during purification that the isomers were not resolved using this purification method. These isomers were better resolved using a lower pH mobile phase (as described in the analytical method below). The lower pH facilitated resolution between NADPH isomers, but also posed a stability problem for this cofactor. The pH of the purified NADPH needed to be increased in order to achieve optimal stability. Thus, the purified material from the HPLC was collected into 1.0 mM Tris-HCl buffer to a final pH of 9.2.
A possible explanation for the many side products could be a reagent that still contained the less selective sodium borohydride reagent (NaBH 4 ) that was used to prepare the sodium cyanoborohydride or that was otherwise impure. To test this possibility, simpler reaction, with less complex starting material was performed. The immine of benzaldehyde was generated using ammonia in the same solvent as the nicotinamide reaction. Cyanoborohydride, treated as described in Materials and Methods above, was then added to form the amine. This "test" showed more than 85 % of the total radioactivity was consumed by the immine product.
Since the reagent appears to be at least 85 % pure, it is likely that the significant number and amount of side products resulted from decomposition of the synthesized labeled NADPH that was not stable under the reaction conditions (e.g., pyrophosphate hydrolysis, glycosidic substitution, and other side reactions are common decomposition pathways for reduced nicotinamides).
Another apparent disadvantage of the chemical reduction is the lack of stereospecificity. The stereospecificity of that reaction was determined by enzymatic analysis of the product [4- 3 H]-NADPH product under conditions in which the reaction was irreversible. The radioactive product was used to reduce 7,8-dihydrofolate (H 2 folate) in the presence of E. coli dihydrofolate reductase (ecDHFR). This enzyme is 100 % regio-and stereo-specific and only abstracts the pro-R hydride from the C4 position of NADPH. Its product, 5,6,7,8-tetrahydrofolate (H 4 folate) can be trapped irreversibly by molecular oxygen [20] . Using the chemically synthesized [4- 3 H]-NADPH, the distribution of tritium in the products, H 4 folate and NADP + , after the completion of the reaction, was analyzed by HPLC (using the analytical method described below). This analysis revealed that the presence of 40 % S- [4- 3 H]-NADPH and 60 % R- [4- 3 H]-NADPH. The reason that the chemical reduction did not lead to a racemic mixture is attributed to the conformation of the NADP + in solution in which the adenine ring and the nicotinamide ring interact with each other and induce some stereoselectivity on the course of the reduction.
Nevertheless, due to the high specific radioactivity of the sodium cyanoborohydride reagent (10 Ci/mmol (370 GBq/mmol) is about 1/10 tritium/protium) the overall radioactivity in the pure [4- 3 H]-NADPH was ample and amounted to about 2.5 mCi (0.0925 GBq) from one batch, starting from 50 mCi (1.85 GBq) reagent (from American Radiolabeled Chemicals inc.). Additionally, this method results in a product with high specific radioactivity that was close to that of the starting material (no cold reagent was used and more than 85 % of the reagent did not exchange with water). Retaining such a high specific radioactivity is a major advantage of chemical labeling over enzymatic, since enzymatic labeling requires prior synthesis of the enzymatic substrate, which often decreases specific, and overall radioactivity. The limitations imposed by the lack of complete stereoselectivity can also be substantial for most applications. The two isotopic-diastereomers cannot be separated, as the isotope effect on their interactions with columns and eluents is minimal. The only practical purification method is by sacrificing of one of the enantiomers through consumption with an appropriate enzyme (e.g., DHFR to eliminate the 4R and glutamate dehydrogenase to eliminate the 4S).
Enzymatic Reduction
The obvious advantage of enzyme catalyzed reduction of nicotinamides is the high (commonly complete) stereospecificity of the reaction and the high stereoselectivity of the enzyme under mild conditions, resulting in high yields and very pure product prior to work up. Various enzymatic procedures for the synthesis of labeled nicotinamide cofactors have been published in the past [4, 18, [21] [22] [23] [24] [25] [26] [27] [28] [29] . Some very early procedures describe now archaic methodology such as using mice, injected with a labeled precursor as vectors for synthesis [23] . Other, more recent procedures, use crude enzyme fractions for synthesis and very recent methods take advantage of the commercial availability of wide varieties of readily available and pure enzymes [4, 11, 30, 31] . For these cofactors, there are various labeling patterns synthesized for as many individual needs. Many of these procedures, have an overall strategy of labeling specifically at the bioactive C-4 position [4, 27, 31] while other procedures describe methodology for remotely labeled material [11, 23, 24] [11, 31, 32] . Since this synthesis is not the focus of this review and has been described before, it will not be discussed here in details. In general, C1 labeled glucose and C2 labeled isopropanol are used to reduced NADP + from the si face with glucose dehydrogenase and from the re face with Thermoanaerobium brockii alcohol dehydrogenase (tbADH), respectively. ADH is also used to catalyze the oxidation of reduced NADPH intermediates with acetone. These tools are applied sequentially to label the C4 position in any combination of H, D, or T at will.
Conclusions and Summary for Synthetic Methods
The various attempts and multitude of publications describing methods for synthesizing labeled nicotinamide cofactors attests to the need for such material. The synthetic methods described above and in recent literature add variety for different labeling needs and have been a useful addition and contribution. The chemical synthesis provides a route to labeled nicotinamides with potentially very high specific radioactivity, a distinct advantage over enzymatic preparations. However, due to the specificity of enzymes, enzymatic preparations are free of constitutional isomers that are difficult to separate, such as those present in chemical preparations. Therefore, since each method has pros and cons, a synthetic method can be chosen depending on the experimental needs. If high specific radioactivity is needed and small amounts of C2 and C6 isomers will not adversely affect results, the chemical synthesis described will fulfill these requirements. The converse is true for enzymatic syntheses. For our needs, remnant radioactivity from unconsumed isomers would pose a small problem and since high specific radioactivity was not needed we prefer enzymatic preparations. A primary challenge once these materials are synthesized are the purification and preservation of this material and these topics are addressed in the following sections.
HPLC SEPARATION OF NUCLEOTIDES
Purification and separation of these cofactors is a necessary task following any synthetic protocol. Since many of these protocols involve both oxidized and reduced cofactor varieties, purification can be somewhat challenging since they structurally differ by only a hydride. Since the oxidized and reduced nicotinamides are both anions but the reduced form is more negative by one charge (following addition of H -) many chromatographic separations in the past involved anion-exchangers [3, 8, 26] . These methods yielded rather broad chromatographic peaks (~ 15 min) and most did not result in base line separation of NADP + from NADPH. Furthermore, the elution appeared to result in buffer that was not suitable for long term preservation. Consequently, reverse phase high pressure liquid chromatography (RP HPLC) methods are at the focus of this review. Both analytical and semi-preparative types of separations are described and analyzed below.
Analytical Separation
Several successful analytical RP HPLC methods have been developed to resolve NADP + from NADPH. Noack et al. [12] achieved a 4-min resolution between NADP + and NADPH with 200 mM phosphate buffer, pH 6, using a MeOH gradient. Yet, the stability of the NADPH was limited due to high phosphate concentration. Indeed, Wu et al. [8] demonstrated that phosphate concentration should be kept at or below 100 mM to maintain NADPH stability. Stocchi et al. [33] used a chromatography method with 100 mM phosphate buffer but the NADP + to NADPH resolution was only 3 min. The analytical method that we developed utilizes a 100 mM phosphate buffer and affords separation of NADP + from NADPH with a 7 min resolution between peaks. To our knowledge this resolution is the best reported to date [e.g., references [4, 12, 33, 34] ]. This same analytical method was also very ubiquitous since it also separated several tetrahydrofolate derivatives, glutamate, glucose and other enzyme substrates and products from NADP + and NADPH with more than adequate resolution.
Methods
The column used for these separations was a 250 x 4.6 mm I.D., 5 µm Discovery C-18 (Supelco). The optimal analytical HPLC method utilized three eluents. Eluent A was 0.1M KH 2 PO 4 , pH 6.0, and Eluent B was a mixture v/v of 60 % Eluent A with 40 % MeOH. The third eluent was 100 % MeOH. The temperature was maintained at 25 ºC across the column (unless otherwise specified). Table 1 shows the gradient used in the optimized method. Using this separation method, NADP + elutes at t R = 19.5 min. The sharp gradient to 25 % Eluent B at t = 20.1 min is needed to elute NADPH at t R = 26.6 min as a sharp, symmetrical peak, details of this are discussed later.
The pH and concentration of the eluent buffer and temperature across the column were varied in trial methods in attempt to maximize resolution between several key molecules, specific to our separation needs. These trials revealed interesting information about pH and temperature effects upon resolution of oxidized and reduced cofactors and the outcome of those experiments is discussed below. Figs. 1  and 2 present the results of the eluent, pH and column temperature variances, respectively.
Results and Discussion
For this analytical HPLC method, a pH=6 phosphate eluent with a MeOH gradient was used, even though it is well known that reduced nicotinamides are not as stable at lower pH [5, 7, 9] or in the presence of phosphates. Since the pH of the mobile phase is slightly acidic, an effort to establish HPLC methods at a higher pH was made in an attempt to further stabilize the reduced nicotinamide during separation. Buffers of 0.1M KH 2 PO 4 at different pH were tested using the gradient described in Table 1 . Higher pH (up to 7.5) resulted in earlier retention times of both NADP + and NADPH, presumably due to deprotonation (Fig. 1) , but also slightly better resolution. These peaks appeared broad, most likely due to their earlier elution, which did not have the appropriate concentration of MeOH to sustain a sharp peak (as described below). The shape of the peaks could be corrected with an earlier MeOH gradient and such a method could be useful for some analytical procedures, but our needs dictated that we maximize resolution between these cofactors and other enzyme products or substrates. Many of these other **** Eluent C is 100 % MeOH. Fig. (1) . Eluent pH dependence of the separation of radiolabeled reactant and products of the DHFR catalyzed reaction. Resolution between the cofactors, NADP + and NADPH increased at higher pH while decreasing resolution between the two products, NADP + and ox-THF using the analytical method. Ultimately, pH 6.0 was determined to have the best separation for our needs. The radiogram resolution is low (fraction collection followed by LSC), but the integration of the radioactivity (total DPM per radio-substance) is excellent (see text).
molecules either eluted at the solvent front (t=5 minutes), or shortly thereafter (up to t=12 minutes) and, for our needs, their resolution was important for the versatility of this separation method with other enzymatic systems. However, in terms of resolution between NADP + and NADPH, the higher pH eluent resulted in the best resolution between these cofactors and should be considered for other separations with which it is suited. It should also be noted that utilizing the lower pH phosphate buffer eluent is non-consequential regarding NADPH stability for this type of separation since it is for analytical purposes rather than purification. The semi-preparative method described below utilizes a much higher pH eluent without use of phosphates, since that method's function is purification of larger quantities of cofactor prior to long-term storage.
In addition to pH variances, the effect of column temperature was also examined to determine the effects upon resolution with the analytical methodology. A decrease in temperature during the separation (Fig. 2) increased the retention time of both cofactors, but more so for NADP + . As apparent from (Fig. 2) , at 5 ºC the resolution between NADP + and NADPH is lost and at 35 ºC, NADP + and NADPH have the greatest resolution. Therefore the relationship between the resolution involving NADPH and NADP + and increasing temperature is directly proportional. However, at higher temperatures resolution was lost between the oxidized cofactor and another enzyme product that was specific to our needs. Therefore, for our needs, the best resolution was attained at 25 ºC. It should be noted that if resolution between oxidized and reduced cofactor is the only consideration, the higher temperature provided the greatest resolution and if applicable, can be utilized for separations where appropriate. While higher temperatures appear to be best in terms of resolution, caution should be taken since higher temperatures also compromise NADPH stability and should be avoided for semi-preparative procedures.
During method development, it was noticed that the elution of NADPH always occurred when the eluent across the column equilibrated to at least 10 % MeOH. Since a change in solvent affects the backpressure on the column, eluent equilibration was determined by a backpressure chromatogram (barogram). During a gradient change, this plot will have a slope, either positive or negative, that levels off to zero upon equilibration of solvents. Fig. 3 shows the point where the positive slope levels to zero, i.e., where the column is equilibrated to at least 10 % MeOH and where NADPH elutes for this specific analytical method (similar results seen on semi-preparative method). If the gradient to 10 % MeOH is initiated before the elution of NADP + , then NADP + and NADPH co-elute as one very sharp, symmetrical peak at the point of equilibrated eluent. This observation, in conjunction with buffer concentration studies (discussed below), was used to control the elution time of NADPH.
Lower concentrations of mobile phase buffers (down to 50 mM salt) were examined and methods that eluted NADPH isocratically, without MeOH, were established. The trend observed was that the lower the buffer concentration, the earlier the NADPH peak eluted under isocratic conditions. The same trend was observed for NADP + , where these peaks also appeared nonsymmetrical and broad. Under higher buffer concentrations (200 mM salt), NADPH elutes isocratically, but at a later retention time than with lower buffer concentrations. This isocratic separation resulted in a splitting of the NADPH peak where the majority of the cofactor would elute isocratically as a broad unsymmetrical peak, while the rest eluted in the equilibrated MeOH gradient. Similar splitting results were found when using the lower concentration eluent (Fig. 4) , the only difference being an earlier retention time. Since this behavior was also seen with pure NADPH standards, it suggests that NADPH under such conditions exists in two different forms (either as two conformers, ion-pair, or in different protonation states protected by an internal H-bond). To elute as two different Fig. (2) . Temperature dependence of separation of radiolabeled reactant and products of the DHFR catalyzed reaction. Using the analytical method, an increased temperature caused all peaks to elute earlier, with a greater effect on the oxidized cofactor. Leading to a loss of resolution between the cofactors at decreased temperature. In the case of this mixture, the ideal temperature was 25 ˚C, for our needs. The radiogram resolution is low (fraction collection followed by LSC), but the integration of the radioactivity (total DPM per radio-substance) is excellent (see text). . (4) . Chromatogram of NADPH standard with a modified semi-preparative HPLC method. Method consists of 50 mM NaCl with 1 mM Tris pH 8.2 and delayed initiation of the MeOH gradient (B, above). The lower buffer concentration begins to elute NADPH as a broad unsymmetrical peak followed by a sharp peak upon MeOH equilibration across the column, demonstrating peak splitting. Traces are presented for 340-nm absorbance (---), backpressure (·······), and percentage of Eluent B dictated by the method (------) . chromatographic peaks, the interconversion between these forms has to be slower than the kinetics of mass transfer between the mobile and stationary phases at each theoretical plate.
From these studies, it appears that temperature, buffer, salt concentration, and MeOH concentrations affect both the shape and the retention time of the NADPH peak. The role of the buffer's concentration effect towards retention time elution can be rationalized by considering the hydrophilicity of the mobile phase. Higher buffer concentration (higher electrolytic power) results in a more hydrophilic eluent and the relative solubility of the nicotinamide in the mobile phase decreases. This in turn leads to a longer retention time. The effect of MeOH on the retention time is opposite to that of high salt or buffer: the more MeOH, the less hydrophilic is the mobile phase. The effect of MeOH on the width of the peaks, on the other hand, can be understood if MeOH facilitates the kinetics of mass transfer between the mobile and stationary phases. A solute that reaches near equilibrium on each theoretical plate will elute as a sharper peak and vice versa. The strategy developed to resolve the cofactors involved using a higher buffer concentration with a MeOH gradient (≥10 % to elute NADPH). The time of initiation of this gradient was critical for optimal separation between oxidized and reduced cofactors since co-elution of these molecules is possible (as described above) and depends upon the point of gradient initiation. This strategy resulted in a very sharp NADPH peak, which is particularly advantageous for the semi-preparative method due to the small collection volume and higher ionic strength upon storage. The appropriate choice of buffer concentration as well as placement of MeOH gradient was controlled and engineered for optimal separation.
In the absence of MeOH, NADP + elutes isocratically as a broad peak. To sharpen this peak without eluting the NADPH, low percentages of Eluent B (60:40 v/v 0.1M KH 2 PO 4 :MeOH) were introduced early in the separation to ensure low MeOH concentrations were present in the column while eluting the NADP + . Then, a second gradient to 10 % MeOH (25 % Eluent B as described on Table 1 ) was introduced well before NADPH eluted to avoid peak splitting.
A goal for the analytical method was to resolve NADP + and NADPH at least by 5 minutes. The analytical method described above resulted in 7 minutes resolution between oxidized and reduced cofactor peaks, exceeding the minimum 5 minutes resolution needed, as well as any other published data to our knowledge.
Semi-Preparative Separation

Introduction
The goals of this HPLC separation were different than those for analytical separation. Since semi-preparative separations were to be performed just prior to long-term storage, it was necessary to eliminate phosphate, acetate and other destabilizing agents. Since this method is used for purification of synthetic reactions, it was important to maximize resolution between the NADPH synthesized and other reactants and products. It has been suggested in literature that the reduced cofactor is more stable in the presence of higher ionic strength [4] , which would be ideal for long term storage. Also, due to the pH requirements of NADPH, a higher pH eluent was desired which would still allow for adequate separation as well as higher ionic strength with the elimination of phosphate or acetate.
Methods
The column used in this case was semi-preparative 250 x 10 mm I.D., 5 µm, Discovery C-18 (Supelco). The method described below allows for purification and preservation of semi-preparative quantities of NADPH (up to 2 µmol). Since the capacity of the method is proportional to the column diameter in power of two, up-scaling this method should be straightforward. Eluent A for this method was 200 mM NaCl with 1mM Tris adjusted to pH 8.2 with HCl. Eluent B was 100 % MeOH. Table 2 shows the gradient used in the optimized method. Flow rate for the course of the separation was 3.2 mL/min and the temperature across the column was maintained at 25 ºC. NADP + eluted at t R = 8.6 min as a wide peak (Fig 2) .5). At t = 11.1 min there was a sharp gradient to 15 % MeOH, which was used to elute the synthesized NADPH as a sharp, symmetrical peak (t R = 16.5 min) as discussed above.
Discussion
This separation results in more than adequate resolution between NADP + and NADPH. Taking advantage of the higher pH and salt concentration facilitates a more successful preservation process. In this separation, NADP + elutes as a relatively broad peak. As a result, this method is not optimal for NADP + purification and care should be taken when using this method to separate NADPH from very large excesses of NADP + so as not to compromise the purity of the reduced nicotinamide. In cases were NADP + is the material of interest, an earlier introduction of a low percentage of MeOH induced a sharper NADP + peak.
Prior to collection of NADPH, 30 µL of 1.0 mM Tris-HCl at pH 9.2 was added to the NADPH collection vial per every 3mL of sample collected (10 mM final concentration). This concentration was chosen to be an order of magnitude larger than that of the buffer in the mobile phase. The pH increase is needed to stabilize the reduced nicotinamide upon subsequent lyophilization and long term storage.
Summary of Analytical and Semi-preparative Separations
Several concepts regarding the nature of separation among oxidized and reduced cofactors were presented here, and a few generalizations can be made to facilitate and customize separations as needed. These generalizations are made for separations between oxidized and reduced cofactors of a given phosphorylation state, i.e., separations between NAD + and NADH or NADP + and NADPH. Two main factors seem to effect the relative elution: buffer concentration and the MeOH gradient. The lower the buffer concentration or the greater the MeOH concentration, the earlier these molecules will elute. To achieve maximal resolution, it is best to introduce small amounts of MeOH to promote the elution of the oxidized cofactor. Use of a mixture of buffer and MeOH is useful for this purpose, such as our Eluent B in the analytical method described above. This small amount of MeOH also helps to sharpen the oxidized cofactor peak. The amount of MeOH should not exceed 10 % when eluting the oxidized cofactor, since greater than 10 % MeOH will advance the elution of the reduced cofactor and reduce the resolution between them. It is possible to control the elution time of the reduced cofactor after complete elution of the oxidized cofactor simply by introducing a sharp gradient of MeOH following the elution of the oxidized cofactor. If the reduced cofactor peak appears unsymmetrical and broad it is necessary to introduce the MeOH gradient earlier. The reduced cofactor will elute at the point of equilibration of MeOH and other eluents as described in detail in the analytical discussion above. Buffer concentrations also control elution times, and one can envision manipulation of both of these factors to orchestrate a desired separation among oxidized and reduced cofactors.
Temperature and pH of the mobile phase are also factors that effect relative resolution among these cofactors. Higher temperature across the column and a higher pH eluent resulted in earlier retention times for both cofactors and a slight increase in resolution. These factors as well can be utilized depending on the nature of the separation. If the separation is for analytical purposes, the use of higher temperatures can be applied without consequence. However, if the separation is being performed prior to long-term storage, it will be necessary to use somewhat lower temperatures and a higher pH eluent. Using the many concepts described here allows for flexibility in method development and specific design to address many different separation needs.
LONG TERM PRESERVATION
Synthetic labeling techniques are often laborious and time consuming. Experimental efficiency is greatly enhanced if long-term preservation is available. This is especially essential in experiments involving a wide variety of different labeling patterns (e.g., Ref [35] ). This goal presented a challenge to many as described above. To achieve long-term stability of NADPH, the following observations made by us and others were practiced. 1) pH requirements. Since optimal stability is achieved at pH ≥ 9, a higher pH eluent is needed. Since the C-18 column material used for separation is compromised at pH ≥ 9, a slightly lower eluent pH was chosen to achieve separation. Upon semi-preparative separation, a higher pH, and more concentrated Tris buffer, was added to the purified NADPH as it was collected after the column thereby increasing the pH to final value of 9.3. 2) Elimination of destabilizing buffers. Phosphates and acetates are known to destabilize NADPH [5] [6] [7] [8] [9] and therefore their presence was eliminated and replaced by an NaCl-Tris combination which allowed control of pH while elimination of phosphates and acetates. 3) Higher ionic strength. An observation that reduced nicotinamide cofactors are more stable at higher ionic strength is made in literature [4] . 200 mM NaCl with 1 mM Tris eluent was used to yield a higher ionic strength while eliminating destabilizing buffers. 4) Dry storage. We found that solutions of NADPH that were frozen and stored at -80, -20, or -5 ˚C, were not nearly as stable as those same solutions lyophilized and then stored at the same temperature [36] . Therefore, all samples of NADPH that were to be kept long term were dried via lyophilization prior to storage. 5) Temperature. Even though NADPH stores were to be kept dry, our experience was that the temperature upon dry storage is important and all samples are kept at -80 ºC. Employing these principles has led to stabilization and preservation of over 95 % of the originally purified NADPH for longer than 3 years.
SUMMARY AND CONCLUSIONS
This review summarizes the development of recent procedures for the preparation, analysis, purification, and preservation of reduced nicotinamides. Specifically the preparation and preservation of one of the least stable derivatives, NADPH, is described in some detail. The HPLC purification and long-term storage methods described above were successful in separating NADP + from NADPH with excellent resolution, while assuring stability for extended time periods. The effects of various factors (e.g., pH, temperature, ionic strength, etc.) were explored. Two separation methods were established, one for analysis and one for purification. The analytical method resolves the oxidized and reduced nicotinamides from other relevant substances with a resolution of at least five minutes. This method achieves the best resolution to date between the oxidized and reduced cofactors. The purification method, employed a semi-preparative column and resulted in adequate separation between NADPH and other substances, lead to minimal dilution (small peak volume), and enabled lyophilization and excellent long-term storage.
Alternative Methods
Other methods of NADPH purification and stabilization were attempted but were found to be unsuccessful or insufficient in our hands. The method reported by Northrop and Duggleby [3, 26] for NADH consisted of anion-exchange chromatography followed by reverse-phase HPLC elution with 95 % EtOH. Their product was then dried under an N 2 stream. Our attempts to reproduce this procedure for NADPH were not successful and were halted when we became aware of others' failed attempts to use this method. [37] . As mentioned above, NADPH is more labile than NADH [8] , so the method described by Northrop et al. [26] might be adequate for the preservation of NADH but not of NADPH.
Another preservation procedure that was attempted was a desalting method reported by Fillgrove and Anderson [30] . Unfortunately, this procedure resulted in excessive losses of our synthesized material (>80 %). Our experiments suggested that the loss resulted from decomposition on the filter. The oxidation of NADH seen by Bernofsky [38] with a similar column material supports this explanation.
Preservation
The stabilization of NADPH for long-term preservation was achieved using several leads: high pH (9.0-9.5), high ionic strength (200 mM NaCl eluent), low temperature (-80 ºC) and dry storage. The presence of phosphate, acetate, or other destabilizing anions was also avoided in accordance with previous reports [2, 8] . Among the nicotinamidecontaining cofactors, NADPH was determined to be the most labile [8] . Therefore, it is suggested that this method for preservation of NADPH is likely to be adequate for the relatively more stable NADH. Being able to store reduced nicotinamides is beneficial as it eliminates the need to synthesize the reduced cofactor shortly before experimental usage.
Detection Limits
Most published procedures describing stabilization of NADPH have not been monitored by radioactive detection. Most often, purity of nicotinamide cofactors is detected via UV, where a ratio of absorbencies at 260:340 nm peaks is used to determine purity (A 260 /A 340 = 2.261 is 100 % pure) [2] . However, following the β emission of a radiolabeled molecule is a much more sensitive method of detection. By using appropriate levels of radioactivity, even minor product decomposition can be observed as errant radioactive peaks upon separation of radioactive material. For example, with common background counts of 15 DPM per minute of elution, reliable peaks containing 100 DPM per minute of elution were able to indicate a decomposition of 0.025 % when 400,000 DPM were injected to the HPLC. Such sensitivity is much better than one can achieve using UV absorption analysis. Indeed, the extra sensitivity gained by the use of radiolabeled material and HPLC and radioactive flow detector enabled us to monitor minor decomposition products that were not detected by the UV detector. To further enhance sensitivity, fraction collection followed by LSC reduces the background counts and since the samples can be counted for long time, significant total counts could be achieved even for samples with low CPM and DPM. The disadvantage of the LSC method is its reduced resolution (fractions can only be collected in certain intervals, while the FLSC detector can integrate over a few seconds). Figs. 1 and 2 , for which LSC was used, present an example of these issues. Testing the preservation method described here with radiolabeled NADPH lends credibility to the stability of this cofactor when using the method presented herein.
Implications to NADH Preparation
While the synthesis, separation and preservation of the phosphorylated nicotinamide cofactors are the focus of this review, the concepts learned can be easily applied to the nonphosphorylated derivatives. Separation concepts among oxidized and reduced cofactors still apply, regardless of the presence of the phosphate group. NAD + and NADH overall had relatively much longer retention times with these methods, but the elution trend as observed and discussed here is the same where NAD + elutes prior to NADH. These two cofactors however are more hydrophobic and eluted only after the MeOH gradient was established, and after elution of NADPH. To attain earlier retention times for NAD + and NADH a less hydrophilic mobile phase should be used. This can be achieved by using a lower concentration of buffer or salt or by using a mixture of buffer and MeOH as the eluent, similar to our Eluent B in the analytical separation above. Using this as the mobile phase and then instituting a sharp MeOH gradient to properly elute NADH as described in the analytical discussion above, would give an analogous separation of NAD + and NADH that we have achieved with the phosphorylated cofactors. The additional phosphate ester in the phosphorylated derivatives has not affected the pH requirements of these cofactors. Therefore, all pH requirements that were established for NADP + and NADPH remain for NAD + and NADH, respectively, where oxidized forms require lower pH and reduced forms require higher pH. This can be applied to separations where possible and necessary as well as to the preservation technique.
Potential Applications
C4 and remotely labeled nicotinamides are commonly used in studies of biological systems and biochemical mechanisms. Recent applications of the methods described here can be found in refs [39] [40] [41] [42] [43] [44] . Some additional bioassays for these variously labeled cofactors could be used as an alternative enzymatic assay to standard UV-Vis spectroscopy, which follows reaction rates by absorbance changes at 340nm. UV-Vis techniques such as these are ubiquitous for dehydrogenase activity determination. However, the use of radiolabeled compounds as an alternative assay can be more advantageous due to the higher accuracy gained from such measurements [11] . Other assay applications are the detection and quantification of substrates at nano-to femto-mole quantities. Often for such studies, radiolabeled substrates are used as a sensitive, quantitative probe to measure these minute quantities. The ability to detect nano-, pico-or even femto quantities is inversely proportional to the specific radioactivity of the labeled molecule. Labeling the ubiquitous cofactor instead of a specific enzyme substrate has the added advantage of attaining sensitive and accurate measurements of minute quantities for a variety of enzyme systems.
Finally, since reduced nicotinamide cofactors are ubiquitous in biology and are useful in biochemical research and biotechnology, developing optimal long-term storage procedures is of general interest. The concepts described here may assist many researchers who have separation or stability problems while working with nicotinamides or similarly complex anionic molecules. The separation methodology presented gives a "how-to" approach so that separations can be customized for any individual's need.
